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Abstract
A silicon inverse diamond structure whose lattice point shape was vacant
regular octahedrons had a complete photonic band gap at around 0.4 THz and
X point’s photonic band gap (0.36 THz to 0.44 THz) by plane wave expansion
method. It is said that three-dimensional photonic crystals have no polariza-
tion anisotropy in photonic band gap (stop gap, stop band) of high symmetry
points in normal incidence. Experimental results, however, confirmed that the
polarization orientation (electric-field direction) of a reflected wave was different
from that of an incident wave whose direction was [001]. The polarization ori-
entation of the incident wave was parallel to the surface (001) of the photonic
crystal, and it was set in the orientation defined as θ ◦ (degree). The angle,
θ was 0◦ to 90◦ per 15◦. A sample was rotated in plane (001) instead of the
incident wave, relatively. The polarization orientation of the reflected wave was
parallel to that of the incident wave for θ = 0◦ and 90◦, in contrast, the former
was perpendicular to the latter for θ = 45◦ in the vicinity of 0.42 THz. For
an intermediate θ, the former was an intermediate orientation. As far as the
photonic crystal in this work is concerned, these phenomena do not apply to
physical and optical basic rules in appearance.
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Introduction
Terahertz (THz) waves are located
halfway between microwaves and infrared
lights. There are many materials that are
opaque in the visible region but transpar-
ent in the THz region. Many crystals have
specific absorption spectra in the THz re-
gion. Recently, frequency applications from
millimeter waves to THz waves have been
steadily proceeding for a next-generation
fast wireless communication. In this way,
the THz techniques allow non-destructive
and non-contact observations, and appli-
cations as imaging, sensors, identification
of materials and the high-capacity wireless
communication [1–8].
The photonic crystals (PC) that have
the regular periodicity of dielectric mate-
rials [9–16], are able to control waves whose
sizes are comparable to their lattice con-
stant by forming point defects and line
defects (waveguide) on their surface and
within them. The PC without forming
above structures also indicate characteristic
properties such as complete photonic band
gap (CPB), negative refractive index, slow
velocity and so on under certain conditions.
This work with the polarization anisot-
ropy confirmed that new reflection phenom-
ena of the three-dimensional (3D)-PC do
not apparently apply to general physical
and optic basic rules.
These basic rules are as follows.
(A) Electric-field is vector, and various
optical phenomena are analyzed by using
methods of resolution and synthesis of one.
(B) According to Maxwell’s equations
that are electromagnetic basic rules, the
electric-field direction of the reflected wave
rotates by 180 degrees from that of the inci-
dent wave in the case of transmittance zero
and normal incidence.
(C) According to crystallography, dia-
mond structure is in cubic system and op-
tically isotropic.
In this work, more detail process and fab-
ricating methods of sample, experimental
data and analyses than those of ref. [17] are
explained.
The band structure of the 3D-PC in
a terahertz (THz) region with the Si in-
verse diamond structure whose lattice point
shape was vacant regular octahedrons, was
calculated by using plane wave expansion
method [17]. These theoretical results con-
firmed that CPB existed at around 0.4 THz.
The polarization anisotropy, which was
the polarization orientation (electric-field
direction) difference between the reflected
wave and the incident one, was studied on
the surface (001) at around BGX that is
X point’s photonic band gap (0.36 THz to
0.44 THz). The 3D-PC sample was rotated
in plane (001) instead of the incident wave,
relatively. The rotation angle θ was 0◦ to
90◦ per 15◦ (degrees).
The polarization orientations of TE and
TM waves are orthogonal each other. The
2D-PC [18] has different band structures for
two waves, and it generally indicates dif-
ferent polarization features. In the 3D-PC,
the polarization anisotropy of TE and TM
waves exists with Brewster’s angle on the
surface, internally located waveguide and so
on in a frequency region [19, 20]. The 3D-
PC has eigen modes in frequencies except
the photonic band gap. Each eigen mode
has an intrinsic symmetry, and some polar-
ization anisotropy also exists [21].
However, the polarization anisotropy in
this work is entirely different from above
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characteristics. For example, no polariza-
tion anisotropy of two reflected waves whose
polarization orientation is orthogonal each
other in appearance 1, exists in normal in-
cidence and within the photonic band gap
in which no eigen modes exist. However,
under above two conditions, the 3D-PC in-
dicates a reflectance property such as the
reflective 1/2 wave plate almost without en-
ergy loss in spite of the optically isotropic
PC. The special polarization anisotropy ex-
ists as discussed below.
Photonic Band Structure
The lattice of the diamond structure is
shown as fig. 1(a). The sphere is the lattice
point and its shape is the regular octahe-
drons in fig. 1(b). It is vacant (atmosphere)
and the dielectric constant, ε1 = 1.00 was
set. The surrounding material was pure Si
(resistivity, ρ > 104 Ω cm) and the dielec-
tric constant, ε2 = 11.9 was set. The lat-
tice constant, a = 300 µm and the length of
the regular octahedrons side, L = 150 µm
were set in this theoretical and experimen-
tal work. In the Si cube lattice, many sec-
tions of the air octahedrons on the lattice
points are arranged as shown in fig. 1(c).
Fig. 2(a) shows the calculated photonic
band structure by using plane wave expan-
sion method and CPB exists at around 0.4
THz. The first Brillouin zone is shown as
fig. 2(b). In this work, the direction of the
incident wave was [001] 2 in the real space
1It was found that a phase-difference exists be-
tween these two waves by the later FEM (finite el-
ement method) analyses, arXiv:1811.02990.
2[001], (001), and {100} etc. are defined on the
X-Y-Z coordinate system in fig. 1(a).
Fig. 1: (a) Lattice of the diamond structure. (b)
Shape of the lattice point is regular octahedrons. It
is vacant (ε1 = 1.00). The surrounding material is
Si (ε2 = 11.9). (c) Si cube lattice and many sections
of the air octahedrons on the lattice points.
and it corresponds to Γ-X direction in the
wave number space (K-space). BGX exists
between 0.36 THz and 0.44 THz.
Process and Fabrication
Fig. 3 shows the 3D-PC sample layered
and fabricated. X-Y-Z coordinate system
corresponds to that in fig. 1. The total num-
ber of layered chips was 28 (height: 7a).
The main periodic square patterns (side
L = 150 µm) on both surfaces (001) of Si
chip, whose area was 10×10 mm2 and whose
height was 75 µ m(= a/4), were etched by a
normal method, and they were periodically
arranged along the direction [001].
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Fig. 2: (a) Calculated photonic band structure
has CPB (gray zone) at around 0.4 THz. BGX
exists between 0.36 THz and 0.44 THz. (b) First
Brillouin zone and the reduced zone (heavy line)
with high symmetry points.
Strong alkaline solution, KOH was used
for etching. The etching time depends on
the Si wafer’s thickness, a temperature and
a concentration of the liquid solution and so
on. In this work, KOH concentration was
40 wt%, the temperature was about 80◦C,
and the etching time was about 5 hours.
A frame was set around each Si chip. V
channels on the front and rear surface of the
frame were etched and formed for fixing ad-
jacent chips. Adhesive agent and Si balls
were put in the space of two V channels
whose cross-section was rhombic. Clear-
ance grooves on the frame for impounding
extra adhesive agent were formed on the in-
ner side of the V channels.
The etching angle of Si {100} sur-
face is 54.7 ◦ and the etched vacant shape
forms the regular octahedrons between four
layers. The lattice of the Si inverse dia-
mond structure in fig. 1(c) viewed from Y-
direction is shown in fig. 4(a). The vacant
Fig. 3: (a) Stereograph of the 3D-PC sample with
the Si inverse diamond structure. (b) Surface pic-
ture viewed from directly above.
Fig. 4: (a) Lattice viewed from Y-direction with
each layer surface name, face A to D. (b) Face A
to D viewed from Z-direction. Face D corresponds
to a × a area in fig. 3(b).
regular octahedrons located in the center,
one-half of which appears in the figure, are
divided into four parts (two small square
pyramids and two large truncated square
pyramids ) in the Z-direction. The patterns
of these small square pyramids appear as
small square ones in fig. 3(b). Face A to D
is the topside surface of each layer. Fig. 4(b)
shows face A to D viewed from Z-direction.
Experimental System
Fig. 5 shows the schematic diagram of
the measurement system with the THz-
TDS (time-domain spectroscopy) equip-
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Fig. 5: Schematic diagram of the measurement
system with the THz-TDS. The 3D-PC sample is
set as the layered direction ‖ z-axis. The polariza-
tion orientation of a THz wave from the emitter is
S-p ‖ x-axis and the detector detects only S-p. The
designed 1/2 wave plate converts S-p into P-p and
P-p into S-p at around 0.42 THz. S(+P) means
S-p, P-p or the mixing of S-p and P-p.
ment owned by Nippo Precision co., ltd..
The coordinate system, x-y-z is used as that
of this measurement system.
The polarization orientation of a THz
wave from the emitter is parallel to x-axis
and it is called S-polarization (S-p). The
mirror 1 and mirror 2 are coated with Au.
S-p launched by the emitter is reflected by
the mirror 1 and the orientation of the po-
larization is also S-p 3. The polarizer is used
for obtaining more precise S-p. The 3D-PC
sample is so horizontally set that the lay-
ered direction is parallel to z-axis; it is par-
allel to Z-axis in fig. 1(a). The incident an-
gle, φ is 7 ◦, which is the normal incidence
approximately.
Another polarization perpendicular to S-
p is P-polarization (P-p); it is included in
the incidence plane ‖ z-axis. According to
Fermat’s principle, the reflection angle is
equal to the incident one. When not only
S-p but P-p is included in the reflected wave
of the 3D-PC sample, S-p and P-p are natu-
3The expression of the inversion, phase shifting
by 180◦, of S-p is abbreviated in fig. 5.
Fig. 6: Explanatory diagram of the 3D-PC sam-
ple’s rotation angle, θ (degree). X- and Y-axis are
fixed on the 3D-PC sample. They rotate with the
sample around z-axis. The incident S-p direction is
fixed at 0◦. 0◦ is fixed and it corresponds to x-axis
in fig. 5. θ is defined as 0◦ when X-axis is parallel to
45◦. For example, θ is 45◦ when X-axis is parallel
to 0◦.
rally included in the reflected wave by mir-
ror 2. Meanwhile, the detector detects only
S-p. A 1/2 wave plate is used for the mea-
surement of a P-p component included in
the reflected wave of the 3D-PC sample.
In this work, the 3D-PC sample was
rotated in plane (001) instead of the S-p in-
cident wave, relatively. Fig. 6 shows the ex-
planatory diagram of the 3D-PC sample’s
rotation angle, θ (degree). X- and Y-axis
fixed at the 3D-PC sample correspond to
the coordinate system in fig. 1; two axes
are also rotated with the sample. x- and
y-axis are not rotated and it is fixed at the
measurement system in fig. 5. The incident
S-p direction is fixed at 0◦ ‖ x-axis. Scale
marks, 0◦, 45◦ and 90◦ are also fixed. θ is
defined as 0◦ when the 3D-PC sample is lo-
cated as shown in fig. 6; X-axis is parallel
to 45◦. For example, θ is 45◦ when X-axis
is parallel to 0◦.
The material of the 1/2 wave plate is
quartz SiO2. Xc and Zc (crystal axes) are
included in the plane of the plate. Yc is
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Fig. 7: Transmittance, WS(f) of the designed
1/2 wave plate. For example, S-p incident wave is
nearly converted into P-p at 0.42 THz. The dash
line includes the signal disposal from the back sur-
face of the 1/2 wave plate. The solid line includes
no disposal.
parallel to the direction of the thickness;
it is parallel to y-axis in fig. 5. The or-
dinary and extraordinary refractive indices
are no = nXc = nYc = 2.108 and ne = nZc =
2.156 at 1 THz [22], respectively.
The designed 1/2 wave plate whose
thickness is 7.50 mm converts S-p into P-p
and P-p into S-p at around 0.42 THz when
one of the two bisector of Xc and Zc is par-
allel to x-axis. Meanwhile, when either Xc
or Zc is parallel to x-axis, the orientations of
S-p and P-p remain unchanged after pass-
ing through the 1/2 wave plate.
The average of the transmitted spectra
of S-p ‖ Xc and S-p ‖ Zc, was defined as
avXZ(f); it was used for the normaliza-
tion of the characteristic features of the 1/2
wave plate. The variable, f is a THz fre-
quency.
Fig. 7 shows transparent characteristics,
WS(f) of the 1/2 wave plate, which is the
spectrum normalized by avXZ(f) from 0.2
to 0.6 THz . WS(f) is at a minimum at
0.42 THz within BGX (0.36 THz to 0.44
THz). 1 −WS(f) is the ratio of P-p con-
version into S-p, inversely.
The solid line includes the concavity and
convexity: the reflection of the back surface
of the 1/2 wave plate. In electric-field func-
tion, E(t) (t: time) before Fourier trans-
form, a second peak appeared after a main
peak group that was signal from the 3D-PC
sample. The delay time was nearly equal to
round-trip time of the 1/2 wave plate. The
dash line is the spectrum which deletes this
second peak.
In this work, the solid line with no dis-
posal was used. In measurement of WS(f)
and avXZ(f), the incidence wave was S-p
and an Au-plate was set instead of the 3D-
PC sample.
Experimental Results
Fig. 8 shows the S-p reflected spec-
tra, seven kinds of RS(f) measured at
around BGX. RS(f) is the reflected spec-
trum with no 1/2 wave plate and it is nor-
malized by the Au reflected one. The ro-
tation angle, θ is 0◦ to 90◦ per 15◦. Seven
kinds of RS(f) consist of only S-p. For θ =
0◦ and 90◦, RS(f) is almost 1.0 at around
BGX. Meanwhile, For θ = 45◦, RS(f) is
nearly equal to zero especially at 0.42 THz.
For other θ’s (15◦, 30◦, 60◦, and 75◦), A se-
ries of RS(f) indicate intermediate values.
Fig. 9 shows RS(f)×WS(f) and RW (f)
for each θ. [RS(f) × WS(f)]’s are the
reflected spectra when only S-p passes
through the 1/2 wave plate. RW (f)’s
are the reflected ones passing through the
1/2 wave plate and it is normalized by
avXZ(f).
Seven kinds of RS(f) × WS(f) for all
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Fig. 8: Reflection spectra, RS(f)’s measured with
no 1/2 wave plate from 0.2 to 0.6 THz for θ = 0◦
to 90◦ per 15◦. The vertical solid line is 0.42 THz.
Seven kinds of RS(f) consist of only S-p. For θ =
0◦ and 90◦, RS(f) is almost 1.0 at around BGX.
Meanwhile, For θ = 45◦, RS(f) is nearly equal to
zero especially at 0.42 THz.
θ (0◦ to 90◦ per 15◦) indicate similar fre-
quency dependence since WS(f) is convex
downward and small at around BGX.
RS(f) × WS(f) is nearly equal to
RW (f) for θ = 0◦ and 90◦. In other words,
the reflected spectra for θ = 0◦ and 90◦ con-
sist of only S-p .
Meanwhile, for θ = 45◦, RS(f)×WS(f)
is entirely different from RW (f) especially
at 0.42 THz. RS(f)×WS(f) is nearly equal
to zero. In contrast, RW (f) is almost 1.0
at 0.42 THz. In other words, for θ = 45◦,
the reflected spectrum consists of almost P-
p especially at 0.42 THz 4.
For other θ (15◦, 30◦, 60◦, and 75◦), the
reflected spectra include both S-p and P-p
4The reflected spectra for θ = 135◦ have the
same properties as those for θ = 45◦ in fig. 8 to
fig. 10.
Fig. 9: (a) RS(f)×WS(f) is the reflected spec-
trum for each θ when only S-p passes through the
1/2 wave plate. (b) RW (f) is the reflected spec-
trum for each θ, which passes through the 1/2 wave
plate and it is normalized by avXZ(f).
at around BGX.
RW (f) is not exact P-p spectrum; it in-
cludes S-p component. [RW (f)−RS(f)×
WS(f)] is the spectrum with the exception
of S-p component. Moreover, except the
influence of the 1/2 wave plate, the nor-
malized reflected spectrum with only P - p
component, RP (f) is [RW (f) − RS(f) ×
WS(f)]/[1 − WS(f)], which is shown in
fig. 10.
S-p incident wave for θ = 45◦ is almost
entirely converted into P-p reflected wave
especially at around 0.42 THz 5. Mean-
while, for θ = 0◦ and 90◦, P-p compo-
nent is nearly equal to zero. For other
θ, A series of RP (f) indicate intermediate
values. The magnitude relation between
RP (f) and RS(f) for seven θ reverses at
0.42 THz.
5R10(f) is minimum, and ∆R10(f)/[1−WS(f)]
is maximum, at around 0.38 THz in fig. 7, ref. [17].
In this work, the process and fabrication were im-
proved, and the polarizer was used as shown in
fig. 5. It is likely that the difference in two fre-
quency values depends on them.
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Fig. 10: RP (f)’s are the normalized reflected
spectra including only P-p component. RP (f) is
[RW (f)−RS(f)×WS(f)]/[1−WS(f)].
The angle, αsp (θ) is the one between P-
p and S-p at 0.42 THz, which is shown in
fig. 11(b).
tan(αsp) =
√
RP/
√
RS (0◦ ≤ αsp ≤ 90◦)
W (ψ) is the theoretical angle between two
polarization waves just before and after
passing through the 1/2 wave plate.
In fig. 11(c), Xc and Zc is the crystal axes
of quartz. The refractive index, nZc is larger
than nXc. OA is a polarization vector just
before passing through the 1/2 wave plate,
and OB is a polarization vector after pass-
ing through the 1/2 wave plate. OC is the
inverse vector of OB. The variable, ψ is the
angle between Zc-axis and OA.
For the only intensity measurement, OB
and OC are indistinguishable. Therefore,
W is defined as min(|W1|, |W2|) from 0◦ to
90◦. W1 and W2 are shown in fig. 11(c).
Characteristic features of αsp (θ) and
W (ψ) are shown in fig. 11(a). W (ψ) is
the theoretical curve. αsp (θ) was nearly
Fig. 11: (a) Solid line: αsp (θ), angle between P-p
and S-p. dashed line: W (ψ), theoretical angle be-
tween two polarization waves just before and after
passing through the 1/2 wave plate. θ is the ro-
tation angle in fig. 6. (b) Explanatory diagram of
αsp. (c) Explanatory diagram of ψ, W1 and W2.
equal to W (ψ) for the intensity. These re-
sults confirmed that the 3D-PC in this work
would be available as the reflective 1/2 wave
plate almost without energy loss.
Discussions
The theoretical analyses confirmed
that the Si inverse diamond structure
(lattice constant, a = 300 µm) whose
lattice point shape was vacant regular
octahedrons (side, L = 150 µm), had CPB
at around 0.4 THz within BGX that is
X point’s photonic band gap [17]. The
special polarization characteristic features
were measured with the conditions as
follows. Firstly, the incident wave was
normal incidence; its direction was [001]
(Γ-X direction) approximately. Secondly,
the polarization orientation of the incident
wave was parallel to the surface (001) of the
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3D-PC sample. Thirdly, the sample was
relatively rotated instead of the incident
wave in the plane (001) from 0◦ to 90◦ per
15◦.
The experimental results confirmed that
the polarization orientation of the reflected
wave was different from that of the incident
wave especially at around 0.42 THz within
BGX in which no eigen modes exist.
Typical four polarization characteristic
features at 0.42 THz are shown in fig. 12.
Four polarization orientations of the in-
cident wave are [X], [Y], [ Y = X ] and
[Y = − X], which correspond to 45◦, 135◦,
90◦ and 0◦ for θ, respectively.
In the case of the polarization orienta-
tion of the incident wave ‖ [ Y = X ] { or
[Y = −X]} direction, that of the reflected
wave was parallel to [ Y = X ] { or [Y
= −X]} direction, respectively. However,
in the case of that of the incident wave ‖
[X] {or [Y]} direction, that of the reflected
wave was parallel to [Y] {or [X]} direction,
respectively.
In addition, in the case of other inci-
dent wave’s polarization, each angle of
two polarization orientations between the
incident wave and the reflected one was
an intermediate value above 0◦ below 90◦,
respectively.
The almost complete S-P transforma-
tion appeared at around 0.42 THz within
BGX almost without energy loss. These
characteristic features indicate that the
3D-PC in this work will be available as the
reflective 1/2 wave plate.
These results above do not apparently
apply to basic rules (B) and (C).
The two directions of [Y = X] and
[Y = − X] are constitutionally and opti-
cally comparable. According to rule (A),
Fig. 12: Typical four polarization characteristic
features at 0.42 THz. In the case of the polariza-
tion orientation of the incident wave (solid arrow)
‖ [Y = X] {or [Y = − X]} direction, that of the
reflected wave (dash arrow) is parallel to [Y = X]
{or [ Y = − X ]} direction. However, in the case
of that of the incident wave ‖ [X] {or [Y]}, that of
the reflected wave is parallel to [Y] {or [X]}.
in the case of the polarization orientation
of the incident wave ‖ [X] {or [Y]}, that
of the reflected wave is expected to be
parallel to [X] {or [Y]}, respectively by
the synthesis of two incident polarization
vectors, [ Y = X ] and [Y = − X].
However, experimental results indicated
that the polarization orientation of the
incident wave and that of the reflected
wave bisected at right angles each other at
around 0.42 THz.
These results above do not apparently
apply to basic rule (A) 6.
6In footnote 1, the existence of the phase differ-
ence was confirmed, however, it still remains un-
solved that the reason why the polarization orien-
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Conclusion
As far as the polarization characteristic
features of the 3D-PC in this work is con-
cerned, physical and optical basic rules do
not apply to these experimental results in
appearance.
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